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ABST CT: With increasing levels of wind generation in power systems, guaranteeing continuous power and system’s safety 
is essential. Frequency control is critical which requires a supplementary inertial control strategy. Since wind power generation 
depends directly on wind conditions, this creates an immense challenge for a conventional inertial controller with parameters 
suitable for all power grid operations and wind speed conditions.  erefore, tuning the controller gains is absolutely critical for 
an integrated conventional/renewable power system. Here, a fuzzy-logic adaptive inertial controller scheme for online tuning of 
the proportional-derivative-type (PD) inertial controller parameters is proposed.  e proposed controller adapts the control 
parameters of the supplementary inertial control of the doubly fed induction generator (DFIG) wind turbine so that with any 
disturbance such as load changes, the active power output can be controlled to mitigate the frequency deviation. Simulation 
results indicate that the proposed adaptive controller demonstrates a more consistent and robust response to load changes 
compared to a conventional controller with  xed parameters.  
Key words: Wind energy generation; doubly-fed induction generator (DFIG); frequency control; kinetic energy; rate of 
change of frequency (RoCoF). 
1. INTRODUCTION 
 e necessity and challenge of a reduction in CO2 
emissions due to its detrimental effect on environment, as 
well as insurance and dearth of sources such as fossil fuel, has 
led to several countries agreed to raise the penetration level 
of non-traditional and renewable generation sources. Wind 
energy, in particular, is considered to be a reliable renewable 
energy source for electricity production therefore replacing 
conventional generation from traditional thermal fuel        
supplies (gas, oil and coal) at a large scale. Although high-
level of integration of alternate energy sources, particularly 
with an increase in the penetration of wind power into the 
normal grid, can be bene cial, it could have unexpected  
results which could counteract the reliability and the stability 
of current traditional power systems [1].  e use of the 
DFIG-based wind turbine generator (WTG) has grown 
rapidly since the turn of the 21st century. In a DFIG, the   
generator frequency can vary as the wind speed changes, 
which allows the WTG to operate at different wind speed 
independent of the frequency and voltage of the grid [2]. 
Nevertheless, when the number of DFIGs is increased 
in cumulative penetration and when connected to the power 
grid, the frequency stability of a power system may decline. 
System inertia is a key factor, in determining the sensitivity 
of the frequency to any imbalance between generation and 
load [3] as it affects the rate of change of frequency 
(RoCoF) a er any frequency event. A reduction in system 
inertia will lead to a rapid drop in system frequency, thus 
affecting the RoCoF increasing the likelihood of potential 
system collapse 
System frequency is controlled on a second-by-second 
basis by balancing the power supply and demand for electric 
power systems. Traditional power plants with synchronous 
generation play an essential role in controlling the frequency, 
since they have a large inertia constant [4]. Usually wind 
turbines are designed to operate to increase their output 
power under various wind power conditions however, their 
active power is mainly determined by the wind speed.  e 
rotor speed of a DFIG therefore is decoupled from the       
system frequency.  us, DFIG active power output remains 
constant with any changes in the system frequency. As a 
result, the DFIG must not produce any additional rise in the 
active power output. Hence, in a power system with a high 
level of wind power penetration, and therefore reduced    
synchronous inertia, the system frequency acts as an         
indicator of any imbalance between generation and load 
following load disturbance or generator tripping, for         
example. 
 e effect of DFIG penetration in a power system has 
been investigated in [5-7]. It has been shown that without an 
additional supplementary control loop added to the DFIG 
controller, the control system acts against changes in the 
system frequency, therefore responding with a zero or     
negligible inertial response. In [7-12], the frequency support 
function of a WTG that uses inertial control temporarily 
releases the KE stored in the rotating mass of a WTG to 
improve the frequency nadir during the initial/transient 
stages of a disturbance. 
A proportional-derivative (PD)-type controller is    
commonly used in power systems for frequency regulation. 
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Although, this controller is simple and usually effective, its 
performance is typically limited by restrictions of traditional 
PD control due to guaranteed delivery of optimum              
performance [12-13]. In [14], a PD virtual inertial controller 
(VIC) was used in the active power control of DFIGs. It was 
demonstrated that with the proposed structure, the            
controller gain parameters of the PD-VIC could be tuned 
online to prevent the system frequency from falling too low 
while maintaining the rotor speed within an operating limit. 
 e impact of PD parameters has been investigated in 
[15] in order to compare, contrast and set a benchmark with 
the aim of developing an alternative control strategy which is 
able to enhance frequency control and effectively emulates 
inertia.  
In [16], a releasable KE-based inertial control scheme 
for DFIG wind power plant was proposed that differentiates 
the DFIG’s contribution depending on its releasable KE.  e 
scheme adjusts the gains of the RoCoF and droop control 
loop in the DFIG controller depending on the rotor speed 
prior to a disturbance.  e results demonstrated an          
improvement in the system frequency nadir compared to the 
conventional constant gain scheme. 
In [17], a fuzzy logic controller for inertial control of 
WTGs is proposed. Simulation results noted that the        
proposed scheme can boost the frequency nadir following 
the decline of the system frequency as opposed to the       
conventional control scheme.  
A novel adaptive VIC to boost both the frequency    
stability and inter-area oscillations is proposed in [18].  e 
gain of the suggested VIC is dynamically adjusted utilizing 
fuzzy logic with respect to inter-area oscillations. Several 
frequency events such as short circuit disturbance with load 
shedding and loss of generation are used to assess the       
control and efficiency performance of the adaptive fuzzy 
VIC. Simulation results displayed that the proposed fuzzy 
VIC scheme can provide improved performance than the 
traditional  xed gain VIC for both system frequency stability 
and the inter-area oscillations. 
A fuzzy adaptive additional inertial control technique is 
given in [19] for frequency regulation to adjust the propor-
tional and derivative constants adaptively based on the     
frequency deviation and the frequency deviation change rate 
under load disturbances or wind speed.  e derivative and 
proportional constant values in traditional inertial control 
are adjusted by simulating the static characteristics and     
inertial response characteristics of the conventional           
synchronous generator.  e proposed scheme is correlated 
with traditional additional inertial control strategy and     
kinetic energy (KE)-based gain. Simulation results note that 
the proposed scheme can provide additional frequency     
support during load disturbances successfully and also    
repress the frequency variation made by the wind speed   
 uctuation. 
 is paper proposes an adaptive-inertial control 
scheme for a DFIG WTG with partial scale frequency       
converter (Type C) using a fuzzy logic scheme for frequency 
regulation in power systems. A fuzzy logic-based adaptive 
control strategy is implemented here to obtain robust and 
accurate control performance as well as faster frequency 
response with stable system operation during the time of an 
event.  e proposed control automatically adjusts the DFIG 
controller parameters online so that the inertia from wind 
turbines can be utilised to decrease the change in frequency 
variation and therefore enhance the frequency nadir during 
the transient periods.  
In this study, the impact of wind generation on electric 
power grids and networks with particular consideration of 
the effects on system frequency has been examined.  e 
work has been analysed and discussed to identify the main 
problem caused by the integration of high levels of wind 
penetration and its direct impact on power system stability 
which affects reliability and the operational performance of 
power systems. 
 e performance of the proposed scheme is studied 
under various system conditions and compared with the 
widely used PID based control.  e results indicate that the 
robustness of the adaptive controller to any load changes is 
greater than that of the conventional controller with  xed 
parameters. It is demonstrated that the active frequency 
response of the power grid with high wind power                
penetration can be signi cantly enhanced. 
A frequency deviation loop (droop loop) has been 
chosen in this work since it allows total energy discharge. 
 is control strategy has been developed to use different 
values of deviation loop gains, based on previous work in 
[20]. However, the frequency deviation gain value is varied 
online as a function of the power system frequency            
deviations.  e gain of the RoCoF (Kp) loop in the           
proposed scheme is maintained as constant while the droop 
frequency deviation loop gain (1/R) changes automatically 
with time.  
In addition, the proposed Adaptive Fuzzy-PD Inertial 
Control scheme is compared with the previous work in [20], 
which has been developed to utilise different values of the 
deviation for frequency regulation using variable gains in the 
frequency deviation loop for the inertial controller and loop 
control gains (active gains) based on change of frequency. 
 e two approaches mentioned above preserve stable       
operation of a DFIG and increase the frequency nadir in 
comparison to conventional  xed gain schemes. It can    
therefore be concluded that by correct adjustment of inertial 
controller parameters the performance will be greatly      
improved. However, manual tuning is cumbersome and 
requires trial and error.  
 e results presented in this study compares the      
performance of the proposed fuzzy-based control under the 
same frequency event between the following four cases: 
DFIG without control, the proposed fuzzy-based control, 
DFIG with conventional  xed gain, and DFIG with active 
droop control. 
All the results con rm the proposed Inertial Control 
strategy can improve the frequency nadir and guarantee 
steady operation of a DFIG.  
Additionally, the proposed method requires no earlier 
knowledge or mathematical model of the system. Also please 
note that the frequency used in this paper is 60 Hz in order 
to make a fair comparison with the conventional inertial 
controller, which was implemented using the 60 Hz system. 
 e paper is organized in  ve sections. Section 2       
provides some background on the conventional inertial 
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response of a DFIG. Section 3 explains the fuzzy logic      
system   design and modelling. Next, the proposed control 
strategy is presented in Section 4 whilst Section 5 shows the 
simulations results and discussions. Finally, the conclusions 
that can be drawn from the analysis are provided in           
Section 6.  
2. THE CONVENTIONAL INERTIAL CONTROL OF 
A DFIG 
 e DFIG is decoupled from the grid due to a back-to-
back AC/DC/AC convertor. Consequently, the electronic 
convertor decouples the generator speed from grid           
frequency [21].  e power electronic convertor enables the 
DFIG to capture wind energy and reach the maximum     
efficiency over a wide range of wind speeds. DFIGs are 
adapted to constantly alter the rotational speed and           
therefore the active power of wind turbines at various wind 
speeds to enhance quality of supply and to regulate the    
active as well as the reactive power. However, due to the 
decoupling of the rotational speed from the grid frequency, 
the DFIG produces no response to changes in system       
frequency [5]. It is however possible for a wind turbine to 
contribute to the system inertia and support the frequency 
control by adding a supplementary inertial control.           
Enhancement of such a supplementary control for improved 
frequency support is the main subject of this paper. 
 is work assumes that the conventional inertial       
control scheme of each DFIG includes two control loops: 1) 
the RoCoF; and 2) frequency deviation loops. Both          
feedback schemes are utilized simultaneously to enhance the 
system frequency control of the DFIG as presented in [12], 
[22], [23].  e traditional inertial control scheme is shown 
in Fig. 1 wherein the inner control loop is the RoCoF loop 
(∆Pin) whereas the outer one presents the frequency         
variation loop or droop-loop (∆P). K and 1/R are the gains 
of RoCoF and deviation loop, respectively. 
From the  gure, ∆Pin can be wri en as (1), 
 
 
 
where ∆Pin and fsys  are represented in per unit and Hz       
respectively. 
 e control gain ∆P mitigates the frequency deviation 
loop of a synchronous generator, which is shown as in (2).  
Fig. 1.  Inertial controller schematic for the DFIG  [11]  
fsys , fnom : system frequency and nominal frequency 
R : droop gain of the loop  
 
 
where ∆P and fnom  are represented in per unit and Hz 
respectively. 
∆Pin   is dominant during the primary period of a frequency 
event due to a signi cant change in RoCoF; whereas ∆P  is 
dominant around system frequency rebound i.e. the           
frequency nadir. 
 e system inertial response is the decline in the rate of 
change of frequency a ained once the stored KE is           
produced.    e KE is the active power stored in the rotating 
mass of the generators presented by (3).   
 
 
 
where J is the inertia of the generator in Kg.m2 and wr is 
its rotational speed in  rad⁄s.  
In conventional power systems, a constant inertia H in 
seconds as de ned in (2) is the greatest amount of time the 
generator is able to produce a maximum output power from 
its own stored KE. Typically, this is in the range of 2-9     
seconds [24].  
 
 
 
where S is the nominal apparent power of the generator 
in MVA. Power imbalance is not a result of the moment of 
inertia however it does impact the system response to those 
transient events and the frequency control strategy utilised 
to improve these disturbances period. Prior to a disturbance, 
∆Pref = PMPPT, when the power system frequency drops    
below its nominal value for any transient event such as    
sudden increase or decrease in load and/or demand, the 
inertial control loop (the RoCoF loop ∆Pin and the            
frequency deviation loop ∆P) provides extra active power to 
the DFIG active power reference Pref control loop (see Fig. 
1).   us, ∆Pref becomes positive increasing Pref  as a result 
thus reducing the rotational speed of the rotor wr as given by 
Eq. (5), [24]. 
 
where Pm, Pe, PMPPT represents mechanical power     
electromagnetic power and maximum power point tracking 
(MPPT) respectively.  
3. FUZZY-LOGIC DESIGN AND CONTROL        
SYSTEM  
To release KE stored in rotating masses during an 
event and to regulate the frequency, researchers have        
proposed a number of methods. In [4, 7], the use of RoCoF 
as an input was used in the inertial control loop. In [9, 10, 12, 
22, 23], both RoCoF and frequency deviation loops were 
utilised to enhance the frequency regulation of DFIG based 
on variations in system frequency For example, the output 
active power of DFIG must respond efficiently  through the 
additional inertial control. Although these inertial control 
schemes improve the system frequency, they generally    
employ constant loop gains, thus failing to take full           
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advantage of these controllers. In [25], it was determined 
that a higher gain improves the system frequency nadir,    
although this may result in over-deceleration of the rotor 
speed which may cause large WTG tripping, resulting in a 
decline in the frequency. Conversely, a small gain produces a 
minor enhancement in the system frequency nadir but     
guaranteeing stable operation of a WTG [25]. 
In [20], an active inertial control approach for the    
frequency deviation ∆f loop for frequency regulation was 
presented. A frequency deviation loop was selected as it   
allows a greater total energy release [26].  is                     
supplementary control scheme has been designed to utilise 
various values of the deviation loop gains based on the      
frequency deviation value. From the aforementioned, it can 
be concluded that substantial operation enhancements can 
be formed by suitable alterations of inertial controller       
parameters. However, manual tuning is challenging and  
requires trial and error.  e use of fuzzy logic can offer an 
automatic way of detecting a frequency event thereby      
adjusting the gains online based on ∆f. 
 is type of control helps in modelling complicated 
system behaviour, in which the direct relationship between 
system input and output cannot be easily modelled or     
expressed through analytical equations [27].  Moreover, the 
use of fuzzy-logic control (FLC) has become very popular 
recently because it can deal with approximate inputs [28]. 
 erefore, fuzzy logic controller can be used to regulate a 
DFIG wind turbine with acceptance of system nonlinearity. 
Following on the earlier work of the authors in [20], 
fuzzy membership functions and rule bases can be designed 
to provide appropriate online adjustment of feedback gains 
(as opposed to manual tuning), thus providing frequency 
support automatically for different situations or conditions, 
for example,  uctuating wind speed. Frequency support can 
be divided into two groups: power reserve control and     
inertial control [29].  is work only focuses on inertial    
control to improve the system frequency nadir whilst      
guaranteeing steady operation of WTGs.  
 e design of the proposed fuzzy logic adaptive inertial 
control (FLAIC) for DFIGS is presented in the following 
section. 
4. FLAIC STRATEGY FOR EFFECTIVE INERTIAL 
CONTROL OF DFIGS 
 For a DFIG, the performance of the conventional PD 
controller is restricted in terms of both the frequency        
deviation loop (droop loop) gain, Kp and the RoCoF loop 
gain, Kd  are constant. Since power systems are generally 
nonlinear, any alteration in the operating condition could 
cause performance degradation. In case of any variation in 
the power system frequency due to any mismatch between 
the generation against the load, the conventional inertial 
control changes the active power reference value Pref to   
recover the grid frequency to the nominal value by releasing 
rotor KE [14]. Fig. 2 shows the block diagram of FLAIC. 
 e adaptive fuzzy gains that are varied on-line make the 
system respond to parameter variations and load                
disturbance/frequency changes [30].  e proposed fuzzy 
logic-based scheme aims to release more KE in a wind power 
plant by adjusting the controller parameters to achieve the 
optimal value of an active power reference Pref. 
 e structure of the proposed FLAIC scheme is         
illustrated in Fig. 3, where the input signal is ∆f and the    
output of the controller is the Kp gain. Fig. 4 shows the fuzzy 
sets and corresponding triangular membership functions 
(MF) of the input signal.  e fuzzi cation part of the fuzzy 
logic controller, which uses three input membership         
functions signals (input signal to the FLAC controller), is 
the frequency deviation value which is the difference        
between the nominal frequency value fnom and system       
frequency value fsys, (fnom - fsys).  e fuzzy membership      
functions (MFs) for input variables are triangular and the 
range of the MFs for the input of ∆f are for negative values of 
the variables and have been chosen from -0.5Hz – 0Hz as the 
load disturbance (generation < load) event in this paper. 
Fig. 2. Block diagram of a fuzzy inertial controller  
 e semantic terms used for input variable            
membership functions are labelled as NB (Negative Big), 
NM (Negative Medium), and ZO (Nominal Value). In   
order to improve the frequency nadir resulting in a greater 
inertial response, the accelerating torque of the proposed 
controller should be cancelled so that the DFIG inertia    
response is restored because of the increment in the         
deceleration torque. Nevertheless, a er the event, the       
proposed fuzzy controller will change the operating point of 
the DFIG wind turbine and will operate at a reduced speed. 
 erefore, the wind turbine will work away from the MPPT 
curve.  e DFIG speed would require to return back to its 
optimal value during the tertiary response.  us, an           
empirical determination is used to set the membership    
functions in order to enhance the performance of FLAIC 
controller, which is based on the power system frequency 
deviation value during the time.  e output of the fuzzy logic 
is the value of Kp (0 - 50). 
  ere are two MFs for the output variable, shown in 
Fig. 5, where the nominal value (Kp = 20) and Big value (Kp 
= 30).  e proposed inertial response control loop (the    
output of the fuzzy controller) is the frequency deviation 
loop gain value Kp that computes the output of the droop 
loop or the frequency deviation loop ∆P, which is the       
defuzzi cation part of the fuzzy controller.  e output is 
defuzzi ed and applied to the main control system then    
added to the output active power reference produced via the 
RoCoF loop, ∆Pin) which provides extra active power ∆Pref 
to the DFIG wind turbine active power reference Pref control 
loop.  e fuzzy control rule database consists of series          
IF- AND- THEN fuzzy logic condition sentences and the 
various rules are presented in Table 1.  
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Table 1 Fuzzy Logic Rules for the Controller 
 e result of the fuzzy logic is the value of Kp, and the 
fuzzy logic rules for the controller as follows: a large ∆f     
results in a nominal value of Kp. If the value of ∆f is medium, 
then Kp is large. When ∆f is equal to zero, Kp should be 20 
(nominal value). Based on work in [20], a frequency         
deviation loop (droop loop) has been selected as it permits 
entire power discharge [26]. In addition, the impact of this 
loop is sure and is not affected by frequency recovered noise 
incorporated within the measured of the system frequency 
[25].  is control strategy has been designed to utilise     
various values of frequency deviation loop gains, again based 
upon previous work in [20]. 
Fig. 3. Fuzzy logic- based adaptive inertial control of a DFIG 
However, the frequency deviation gain value is changed 
online dependent on the power system frequency deviation 
values.  e gain value of the RoCoF (Kd) loop in the       
presented control is sustained whereas the frequency         
deviation loop gain Kp adapts automatically during the     
transient period, based on 
 the power system frequency deviation values. In this 
strategy, a fuzzy controller was developed to overcome the 
limited contribution of the frequency deviation loop during 
the primary stage of a transient period.  erefore, the        
proposed controller actively alters Kp online based on      
frequency deviation values ∆f to produce a value of ∆P to 
mitigate the affect of disturbances.  erefore, the FLAIC 
technique produces a regulatory signal ∆Kp to tune the  
parameters of the frequency deviation loop in the               
conventional inertial control using the fuzzy logic base rules 
which are designed to improve the controller performance 
and to avoid over- deceleration of the WTG. 
 e controller action can be expressed: 
 
 
 
 
 
 
 
 
 
 
 
 
Where Kp(∆f) represents the frequency deviation gain    
value (Kp) which is a function of the frequency deviation 
(fsys—fnom) respectively. 
 e nominal value of the frequency deviation loop gain 
was selected to be 20.  is value is maintained when the 
disturbance starts at t = 50s. When the disturbance occurs, 
this adjustable gain control scheme value will dynamically 
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No Wind Energy              Penetration (%) 
Control 
Scheme 
Steady State 
Error (Hz) 
Inertia       
Response (pu) 
Frequency 
Nadir (Hz) 
Rotor Speed         
(min value) (pu) 
1 18.75 Conventional inertial control -0.3514 0.7405 59.6486 1.1605 
2 18.75 Active control -0.3343 0.7686 59.6657 1.1594 
3 18.75 Fuzzy logic control -0.3235 0.7776 59.6765 1.1441 
4 18.75 No control -0.4459 N/A 59.5541 1.1998 
Fig. 4. Membership function of the input variable  Fig. 5. Membership function of the output variable  
Table 2 Inertial response, steady state error, frequency nadir and rotor speed value of a DFIG for different control strategy of 
frequency regulation 
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responds to alterations in the power system to enhance   
system control and to tune its gain value to change            
conditions and knowledge acquired by the controller.    
 erefore, the FLAIC controller has the ability to respond to 
 uctuations in system frequency and improves the frequency 
nadir of the power system. 
5.  SIMULATION RESULTS AND DISCUSSIONS 
5.1   e simulation system 
Simulations have been evaluated in Matlab/Simulink 
environment to con rm the conventional inertial scheme 
and to verify the effectiveness of the proposed control       
strategy.  e results also demonstrate the ability of the 
DFIG to simulate system inertia response in the event of any 
transient occasion such as an abrupt upsurge in load.  e 
power system considered for this study consists of a            
four-machine power grid containing three traditional       
synchronous power generators (M1, M2, M3) are valued at 
400 MW, 400 MW and 500 MW respectively, two combined 
loads (L1, L2) are rated at 800 MW each and a 200-unit 
DFIG-based wind farm rated at 300 MW (1.5 MW each). 
 e wind speed is considered to be 12 m/s whereas the 
DFIG is originally under the MPPT control. In this work, 
only the improvement in system frequency nadir is            
simulated and discussed.  e simulation is run for a          
maximum time of 100s to observe both the transient and 
steady-state effects.  e power plant is assumed to be       
running in steady-state before the occurrence of disturbance 
at 50s.  
5.2  Simulation results 
5.2.1 Case study 1 - Performance analysis of the proposed 
scheme 
In this case study, Fig. 6 presents a comparison       
between the proposed fuzzy-based control with different 
strategies and cases under the same frequency event. Also, 
Table 2 demonstrate the steady state error as well as          
frequency nadir, whereas the inertial response to support the 
same level of frequency support (for the same load event) is 
compared for different strategies and cases. All the              
simulations have the same conditions, that is a step load 
increase of 10% pu at t = 50s and wind speed = 12 m/s.  the 
effect of a sudden change in load is considered when the load 
is raised by 10% at t = 50s, as a result of an imbalance in the 
power system. It is assumed in this case that the nominal 
operating frequency is 60Hz.  is causes a drop in the power 
system frequency, which is presented in Fig. 6(a) as there is 
no supplementary inertial control supplemented to the   
control loop of the power system, the mechanical rotor 
speed of modern converter controlled DFIG wind turbine is 
decoupled from the electrical frequency. Consequently, the 
DFIG presented no or negligible inertia and the power grid 
frequency abruptly declines to approximately 59.5541 Hz. 
However, the drop in system frequency was corrected by the 
synchronous generator although, the system frequency then 
rises to around 59.8398 Hz because of the integral gains of 
the speed controllers in the traditional synchronous          
generators. With no any supplementary inertial control on 
the DFIG based wind turbines, both the speed of the DFIG 
and the DFIG active power output stays unchanged as 
shown in Figs. 6(b) and 6(c) respectively, with a high rate of 
change of frequency as depicted in Fig. 6(d).  is is because 
the traditional synchronous generators raised their total 
active power output to maintain the impact of extra loading. 
For the conventional inertial control, the initial PD 
controller gain parameters Kp and Kd are constant and set to 
Kp = 20 and Kd = 10.08, respectively [15].  e power     
system is disturbed by adding a load disturbance of 10% of 
the total load. In real terms, the load is changed abrubtly 
from 1600 MW to 1760 MW at 50s. 
A supplementary inertial control is then added to the 
control loop of power system. It can be observed from Fig. 6 
that once the drop in the power system frequency occurred, 
an extra power ∆Pref is added to the active power reference 
Pref, via raising the torque set points of the DFIG wind     
turbine therefore increasing the electromagnetic torque. As 
the wind speed is unchanged, the mechanical torque remains 
constant, while the rotor decelerates as given in the torque 
equation below, [24]. 
 
 
 
 us, KE will be released in this case. Fig. 6(a)    
demonstrates that the system frequency nadir is enhanced 
from 59.5541 to 59.6468 Hz, due to the abrupt rise in the 
electrical active output power. As the DFIG mechanical 
torque power is smaller than its electromagnetic torque    
power, the rotor speed will drop as seen in Fig. 6(b).  In Fig. 
6(c), the DFIG raises its output active power from 0.6482 pu 
to 0.74 pu. As observed, the frequency response has a        
signi cant decline without support from wind generation; 
the inertial scheme enhances the system frequency nadir 
whilst decreasing the RoCoF.  e wind turbine will stall on 
the occasion that frequency continues to fall, and if the      
electromagnetic power endures larger than the mechanical 
power.  us, in power systems, in case of any signi cant 
variations in system frequency, the DFIG output active    
power must be dynamically regulated to prevent wind     
turbine stalling. 
 e effect of the proposed control block is investigated 
by simulating the drop in the power system frequency, the 
gain value of Kd will remain constant while the proposed 
control scheme adjusts the parameter Kp automatically 
based on the system’s frequency response. Fig. 6(a)           
illustrates that the frequency nadir improves to 59.6765 Hz 
compared to 59.6486 Hz, in the case of a conventional     
inertial controller. Moreover, with the implementation of the 
proposed control scheme, the power system frequency   
exhibits less overshoot.  e rotor speed will decrease more, 
see Fig. 6(b) and the DFIG wind turbine releases the KE to 
increase its output active power from 0.74 pu to 0.7776 pu as 
shown in 6(c). 
 e results additionally demonstrate that the proposed 
scheme has the ability to reduce the RoCoF as seen in Fig. 6
(d).  e frequency nadir increases while the decline in the 
rate of change of frequency (RoCoF) is further enhanced.  
Fig. 7 illustrates the fuzzy output signal, which shows    
changes in Kp based on the system frequency deviation from 
its nominal value. During the steady state period, and if the 
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difference between system frequency and nominal frequency 
∆f is large, Kp remains at its nominal value of 20, whereas 
the proposed controller adapts the magnitude of Kp gradu  
ally when ∆f is at its medium value based on the maximum       
acceptable deviation value for the system frequency during 
the disturbance event, as shown in Fig. 7.  e range of the 
frequency deviation  value is [-0.5 0].  
Table 2 shows the frequency pro le with the proposed 
control performing be er than the conventional inertial 
control. All parameters including the frequency nadir, steady 
state error, inertial response and rotor speed demonstrate 
improvements. 
 e proposed fuzzy logic-based control is also         
compared with the previous work in [20] where an active 
control strategy (based on manual tuning) was introduced 
for frequency control utilizing varying gains in the frequency 
deviation loop for the supplementary inertial scheme. 
Fig. 6. Power sharing under frequency event for different 
control strategies (a) Power system frequency (b) rotor 
speed variation (c) DFIG active power output (d) RoCoF   
Fig. 6 illustrates a comparison between an active      
strategy in [20] with the proposed control in this work.  e 
system frequency nadir is enhanced from 59.6657 Hz to 
59.6765 Hz.  erefore, the frequency nadir of the proposed 
control is larger than that of an active control by 0.0108 Hz. 
Furthermore, in the situation of the suggested control, the 
frequency oscillation as well as overshoot are both improved, 
in comparison to an active control strategy as shown in Fig 6 
(a).  us, the wind turbine rotor speed will decline to a value 
inside the operating limit, therefore reducing further than 
the active control scheme reaching 1.1414 pu; however for 
the active controller scheme, the rotor speed changes to 
1.1594 Pu as seen in Fig. 6(b).  e inertial response of the 
supplementary scheme is greater than that of an active 
scheme by 0.0090 see Fig. 6(c). In addition, the RoCoF of 
the proposed scheme is shown to be be er than that of an 
active controller as depicted in Fig 6 (d).  e new controller 
approach is adept to deliver applicable frequency regulation 
whilst reducing the RoCoF. Fig 8 depicts the active control 
output signal of an adaptive gain, which was created to    
overcome the restricted contribution of frequency deviation 
loops throughout the primary stage of the transient period. 
 erefore, the proposed controller actively varies its gain 
value for the duration of the transient period based on the ∆f 
to reach a large value of ∆P. During the initial stage of an 
event the droop gain should be large and decrease its value 
with time to prevent over-deceleration of a WTG.  e      
primary value of the droop gain is designed to be 20.  
 is value maintains constant once the event starts at t 
= 50s. At t = 51.3s, the frequency deviation loop gain value 
reaches 30 which is next gradually reduced along with time 
till it a ains the primary gain value of 20 at t = 53.54s. 
As shown in Fig 6(a) and Table 2, the system            
frequency nadir is greater for the proposed scheme whereas 
the steady state error and the overshoot parameters are also 
improved.  is is due to a higher inertial response with the 
proposed scheme.  e proposed FLAIC proposal be able to 
maintain the system frequency nadir and ensure stable     
operation of a DFIG by utilizing the variable gain control 
approach. It is therefore demonstrated that DFIG wind   
turbines can regulate system frequency and control system 
inertia. 
Fig. 7. Fuzzy controller output showing Kp adaptation  
Fig. 8. An active shaping function of the Kp variable   
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Fig. 9. Fuzzy controller output showing Kp adaptation for 
the proposed control under 12% and 14% load disturbance  
(a) Fuzzy controller output showing Kp adaptation under 
12% load disturbance  (b) Fuzzy controller output showing 
Kp adaptation under 14% load disturbance  
5.2.2 Case study 2 -  e proposed inertial scheme              
performance under a different load disturbance  
In this case study, the system frequency event is created 
by adding a load disturbance between 5% and 23% of the 
existing nominal load.   e fuzzy logic system proposed  
earlier is the same as use in Case study 1. Fig.9 (a) and 9 (b) 
illustrate typical outputs of the proposed fuzzy control 
scheme for a 12% and 14% increase in load, respectively. It 
can be seen that the controller parameter Kp is adaptively 
adjusted to respond to system frequency changes.  
Fig. 10 illustrates the response of system frequency, 
inertial response, rotor speed and RoCoF under 5%, 10% 
and 14% load disturbances.  ese were acquired to verify 
system performance of the proposed scheme. For             
comparison, the system response of the conventional inertial 
control and the proposed scheme are shown in the same 
 gure. 
As shown, the frequency response of the fuzzy control 
(compared to the conventional control) was improved as 
shown in Fig.10 (a).  Table 3 shows the frequency nadir for 
the conventional inertial control and the proposed scheme 
respectively for different amounts of load disturbance with 
the steady state frequency error, system inertial response, 
frequency nadir and the rotor speed for 10 altered values of 
load disturbance. In Fig.10 (a), the minimum frequency (see 
Table 3) is enhanced as the load value increases; the system 
frequency nadir improves and hence the system                  
performance is shown in Table 3.  Also, the rotor speed is 
within the secure operating range using the proposed       
controller, Fig.10 (b). Moreover, the total KE released is 
greater by as much as 7% as compared to that of the          
conventional control; however, it increases slightly as given 
in Table 3, Fig. 10(c).  e steady state frequency error is less 
with the proposed control.  e maximum RoCoF is similar 
for both schemes for all different values of load disturbance 
because the RoCoF loop gain in the proposed scheme is 
kept constant.  e RoCoF for all the load variations is also 
depicted in Fig. 10(d). 
From both Fig. 10 and Table 3, it can be detected that 
the proposed fuzzy-based scheme of the DFIG demonstrates 
be er performance than the conventional control during any 
load disturbance event.  us, the frequency regulation    
improves and the frequency nadir increases but RoCoF is 
unaffected, as explained above. 
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To investigate the efficacy of the proposed scheme and 
to validate system performance, the system frequency, rotor 
speed response, inertial response and RoCoF under 12% 
load disturbance for three different approaches were         
analyzed and illustrated in Fig. 11. All simulation conditions 
are the same for all approaches, that is a load disturbance of 
12% at t = 50s and wind speed = 12m/s. Fig. 9(a) depicts the 
fuzzy output signal for the proposed scheme; the frequency 
deviation gain is repeatedly tuned online to respond to     
system frequency deviation to enhance the system             
performance of the power scheme in comparison to 
59.5911Hz and 59.5705Hz in the case of the adaptive and 
conventional control, respectively.  e frequency nadir is 
positively enhanced and drops to 59.6016Hz for the          
proposed scheme, Fig. 11(a). 
 e rotor speed response decreases in the case of the 
proposed scheme and is preserved under the operating range 
as shown in Fig. 11(b).  e total KE released is identical for 
the conventional and active schemes and smaller than the 
proposed scheme until t = 51s. 
 e output active power are 0.7613 pu, 0.786 pu and 
0.795 pu for the conventional, FLAIC and active schemes          
respectively. However, the proposed scheme provides      
additional inertial response than the other two approaches 
for a longer period of time as shown in Fig. 11(c). Also, the 
results demonstrate that the proposed scheme has a very 
small impact on the RoCoF.  e frequency falls at a same 
peak rate of -0.0121 Hz/s for the three approaches.          
However, during recovery period, frequency oscillations are 
lower and have a faster se ling time as compared to those for 
the conventional and active schemes, as seen in Fig. 11(d).  
5.2.3 Case study 3 - Frequency response with increasing 
levels of wind penetration 
a. Inertial response and the RoCoF in power system with 
different levels of wind Penetration 
Most large-scale wind turbines that have been            
integrated into power systems are DFIGs.. In this case, the 
 rst assumption is that the WTGs supply no inertial         
response.  erefore, with an increase in the installations of 
DFIG based wind turbine displacing traditional power 
plants, which have the capability of providing an inertial 
response. However, the changes in system frequency due to 
the  uctuations of wind turbine generator causes a series of 
problems such as increasing the RoCoF and reduction of the 
overall inertial response.  
 e power system in this chosen case is assumed to be 
in steady state before the occurrence of a load disturbance 
event on the system. At 50s, similar to the previous cases, the 
load is raised from 1600 MW to 1760 MW.  e power    
system frequency and the peak rate of change of frequency 
(RoCoF) for different levels of wind penetration are        
simulated and illustrated in two scenarios, as shown in Figs. 
12, 13, 14 and 15. 
(i) DFIG without an inertial response 
In the base case, when no wind power is being          
produced, the frequency nadir drops to 59.6683 Hz as 
shown in Fig. 12.  
When the wind turbine generators increase the wind 
power penetration to 18% and 25% of output power, the 
frequency nadir is 59.5541 Hz and 59.5353 Hz respectively, 
(see Fig. 12). In the same  gure it is apparent that the      
frequency nadir declines further to 59.4987 Hz as the power 
generated by WTGs is increased to 35% of output power. 
 e impact of the reduction in the system inertia due to an 
increase in the penetration of wind generation is also        
illustrated in Fig. 13. When the system inertia is reduced, the 
peak RoCoF increases from -0.0106 Hz/s for no wind      
generation to -0.112 Hz/s when the wind penetration is 50% 
of output power. In the case of wind turbines producing no 
inertia, any contribution of the wind generation into the 
system has a negative in uence on the system frequency 
nadir. As the level of wind penetration increases, the drop in 
the system frequency will rise. From Fig. 12 and Fig. 13 it is 
apparent that a signi cant increase in the frequency          
deviation and RoCoF can be critically important as this can 
lead to additional losses of generated power, thus increasing 
the risk of a potential system breakdown, [2]. 
Fig. 10. Frequency response, rotor speed response and    
inertial response for the conventional control and the      
proposed scheme under different amount of load              
disturbances (a) Power system frequency (b) Rotor speed 
variation (c) DFIC active power output (d) RoCoF  
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Fig. 11. Power system frequency response for a load        
disturbance for different cases under the same amount of 
load   disturbance (a) Power system frequency (b) Rotor 
speed variation (c) DFIC active power output (d) RoCoF  
(ii)  DFIG with an inertial response 
In this scenario, it is assumed that all DFIG wind     
turbines provide an inertial response as suggested in [15]. 
When no output power is being produced by DFIG wind 
turbines, the system frequency nadir drops to 59.6672 Hz. 
 e augmented load is then recompensed via the traditional 
synchronous generator with its associated inertia as shown 
in Fig. 14.  erefore, when the wind turbines generate 18% 
of the total output power, the system frequency nadir drops 
to 59.6552 Hz. 
As such, DFIG output power displaces only a small 
fraction of the conventional generation with its combined 
inertia while the DFIG wind turbines still provide the full 
inertial response. When DFIG wind turbines produces 25% 
of the total output power, the system frequency nadir falls 
greater and reached 59.6331 Hz. At a wind power penetra-
tion of 35% of the full output power, the nadir has dropped 
further to 59.5954 Hz, (see Fig. 14).  
Fig.15 depicts the maximum RoCoF at different levels 
of wind penetration producing an inertial response. It is  
apparent that when the wind penetration is 25% of the total 
output, the RoCoF is –0.0102 Hz/s, compared to -0.0106 
Hz/s for the case when DFIG wind turbines provide no 
wind power.  e peak RoCoF is –0.0104 Hz/s, when the 
wind turbines produced 35% of the total output power. At a 
wind penetration of 50% of the total output power, the peak 
RoCoF also maintains approximately the same value      
reaching -0.0107 Hz/s. From the results in Fig. 12 to Fig. 15, 
it can be observed that in the case of wind turbines            
producing no inertia, any wind power connected to the   
system has a negative effect on the frequency nadir, and this 
disadvantage will be equivalent to the amount of wind power 
being produced. Nevertheless, if the wind plants are         
assumed to supply an inertial response, it bene ts the       
supplementary inertial response.  e primary RoCoF with 
increasing wind power penetration for the scenarios with an 
inertial response provided by the wind plants, at which the 
frequency drops will not be affected. In addition, the system 
frequency nadir and the RoCoF for the scenario with and 
without an inertial response is nearly the same when no wind 
generation is connected to the system.  If the wind             
generators provide an inertial response, the additional      
inertial contribution improves the system frequency nadir. 
 e increasing amount of wind generation is combined with 
the further decline in the frequency nadir.  e RoCoF with 
increasing levels of wind penetration for the case with an 
inertial response are almost the same.  erefore, from the 
results above, it can be observed that the additional inertial 
response will improve the frequency deviation although this 
will not impact on the maximum RoCoF. Additional inertia, 
derived from  ywheel technology, for example, is necessary 
to decrease the initial RoCoF [31]. 
Fig. 12. Power system frequency with wind turbines         
producing no inertial response  
Fig. 13. RoCoF for a 10% load disturbance with wind     
turbines producing no inertial response  
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Fig. 14. Power system frequency with wind turbines         
producing an inertial response  
b.  Performance of the Proposed Scheme with Higher       
Penetration Levels of Wind Generation 
A DFIG operating at a higher rotor speed is capable of 
reaching optimal efficiency for a diverse range of              
windspeeds, so it is modi ed to vary the wind turbine rotor 
speed continuously and thus the DFIG active power output 
at various wind speeds. 
 erefore, a DFIG contains more releasable KE than 
operating in a lower rotor speed region [24]. In order to 
verify the effectiveness of the proposed scheme of the DFIG 
wind system in case of higher levels of wind penetration, a 
simulation study has been performed using a 45% of the 
rated output power generated by the DFIG wind turbines. 
Fig. 15. RoCoF for a 10% load disturbance with wind     
turbines producing an inertial response  
Fig. 16(a) represents the power system frequency   
under the event of the load disturbance at t = 50s.  e      
system frequency nadir is improved from 59.7168 Hz in the 
case of the conventional inertial control to 59.766 Hz for the 
proposed scheme.  e rotor speed decreases further whilst 
the wind turbine releases further KE as depicted in Fig. 16
(b); however the RoCoF is nearly the same. 
Table 4 presents the numerical results of the            
comparison between the conventional inertial control and 
the proposed scheme.  e proposed scheme effectively   
improved the system frequency nadir, as the former           
controller uses the ∆f, frequency deviation loop (fnom - fsys) as 
the input to the fuzzy controller due to the fact that more 
total energy is discharged by using the frequency deviation 
loop for frequency regulation.  Another advantage of the 
proposed scheme is that during the recovery period,         
frequency overshoot and oscillations are managed,            
compared to that of the conventional scheme (Fig. 16(a)). 
 e maximum RoCoF is equivalent to that of the               
conventional controller since the RoCoF loop gain is       
maintained whilst the ∆f loop uses a variable gain. To       
improve the maximum RoCoF, its loop gain needs to be 
further tuned. Although correlated to the conventional    
controller, the frequency improvement is accompanied by 
faster se ling times of frequency oscillations to the         
steady-state error values (see Table 4). 
Fig. 17 depicts the fuzzy-logic output signal for the 
proposed controller. During the steady state period, Kp was 
20; however, the controller was automatically adjusted once 
the disturbance occurred.  e value of Kp was constantly 
tweaked according to system changes in order to improve 
the system performance. It can be observed from the results 
that the proposed controller effectively enhances the         
frequency nadir but reduces the RoCoF marginally and does 
not have a great effect on it. 
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Fig. 16. Response of a DFIG for the proposed scheme to a 
drop in network frequency with higher penetration levels of 
wind generation  (a) Power system frequency  (b) DFIG 
active power output  
Fig. 17. Fuzzy controller output showing  Kp adaptation  
with 45% wind penetration  
6. CONCLUSION 
 is paper introduces a fuzzy logic adaptive controller 
scheme for DFIG wind turbine for online tuning of the PD 
type inertial controller parameters. With the proposed    
structure and tuning algorithms, the gain parameters of the 
frequency deviation loop (droop loop) of the supplementary 
inertial controller of the DFIG wind turbine can be tuned 
online and adapted automatically to avoid the system      
frequency from falling too low, while maintaining the rotor 
speed within a safe operating range.  erefore, the active 
power output of the DFIG can be controlled and the        
frequency variation due to load changes can be restrained. 
 e frequency deviation loop is used as the input signal 
of the proposed fuzzy control, which determines a new value 
of Kp depending on the input range. Two scenarios are   
investigated and analysed, in which all, or none of wind    
turbines provide an inertial response with varying levels of 
wind penetration a er a frequency transient  In the case of 
wind turbines providing no inertial response, a signi cant 
increase in the frequency deviation is observed whilst the 
frequency nadir declines further as the level of wind           
penetration increases. 
Conversely, wind turbines capable of providing an    
inertial response can contribute to system inertia, thus    
enhancing the system frequency response.  e simulation 
and results exemplify and validate the effectiveness of the 
proposed controller parameter tuning method.  e           
proposed scheme demonstrates that an adaptive controller 
can actively respond to the frequency variation of power 
system to enhance control performance in comparison with 
a conventional inertial controller widely used in power     
systems. Moreover, the robustness of the proposed control is 
greater than that of the traditional inertial scheme, as       
evidenced by results and analyses presented herein.  
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